could be detected neither in MGDG aggregates nor in chlorosomes (control as well as hexanol-perturbed), it is concluded that i) this process is highly likely when BChle is present as a monomer, but not when it is tightly packed in artificial aggregates or in chlorosomes, and
ii) carotenoids, though vital for the baseplate BChla , are dispensable for BChle.
INTRODUCTION
In green photosynthetic bacteria, light-harvesting is carried out by chlorosomes, oblong bodies attached to the inner side of the cytoplasmic membrane of cells (1, 2) . Chlorosomes consist of highly aggregated bacteriochlorophyll (BChl) † x (hereafter abbreviated as BChlx, with x standing for c, d, or e depending on the species), smaller amounts of monomeric BChla and carotenoid (Car) chromophores. The molecular structures of BChlx are such that BChlxBChlx interactions alone suffice for a spontaneous organization of protein-free aggregates (3, 4) . Detailed models of the supramolecular arrangement of BChlx (5,6) match the 5 nm or 10 nm diameter of the rod-like structures observed in electron micrographs of chlorosomes from Chloroflexus (Cfl.) aurantiacus and Chlorobium (Chl.) limicola, respectively (7).
BChla, in contrast to BChlx, is thought to be associated with a chlorosomal protein, denoted
CsmA, and to form part of the so-called baseplate on the cytoplasmic membrane side (8) . Car molecules in chlorosomes are supposed to participate in photoprotection, mainly by quenching the electronic excitation of BChl † , a BChl molecule in the lowest triplet state (9, 10) , to function as light harvesting pigments (11) (12) (13) , and to play a structural role (14, 15) .
Spectroscopic investigations, based on nanosecond laser photolysis (16) and optically detected magnetic resonance (17) , have indicated that Car's photoprotect BChla rather than BChlx; no evidence was found for triplet-triplet energy transfer from BChlx † to the Car ground state (Car 0 ), or for a long-lived BChlx †
. These results imply that Car might be close to the baseplate to photoprotect the vulnerable BChla monomers.
In chlorosomes the BChlx/Car stoichiometric ratio shows a large variability from ∼4/1 to 20/1 depending on species, light regime and growth conditions (7, (18) (19) (20) . This would be a very unfavorable situation if photoprotection in chlorosomes were based exclusively on triplet-4 triplet energy transfer from BChlx to Car. When the experimental evidence concerning the photophysical behavior of aggregated BChlx is examined (see below), one is led to conclude that BChlx itself does not really need any protection-because very few triplets are formed in the first place (singlet energy transfer to BChla being very much faster than intersystem crossing), and the few triplets which are produced undergo rapid deactivation (presumably as a result of triplet-triplet migration and subsequent bimolecular events such as annihilation or quenching).
A fluorescence lifetime of a few ns has been determined for BChlc or BChld monomers (21, 22) ; however, the lifetime of BChlc or BChld is quenched to a few hundreds or a few tens of ps as the BChlx aggregation state changes to dimers or oligomers, respectively (22, 23) . In chlorosomes or artificial monogalactosyl diglyceride (MGDG) micelles, the fluorescence lifetime of BChlc aggregates is quenched to 40-50 ps or 9-12 ps under reducing or nonreducing conditions respectively, suggesting in addition that the redox state of BChlx or quinones could control the flux of excitation energy in chlorosomes (24, 25) . Interestingly, the fluorescence lifetime of BChlx in chlorosomes remains quenched, even when energy transfer from BChlx to BChla is blocked. The perturbation of chlorosomes by n-hexanol leads to a blue shift of the BChlx Q y band that resembles that of truly BChlx monomers; however, fluorescence from the BChlx in the hexanol-perturbed chlorosomes is still very small in comparison to that from true monomers in an organic solvent or a buffer containing Triton X-100 (TX) (26) . The fluorescence lifetime of BChlc in hexanol-perturbed chlorosomes from
Cfl. aurantiacus only increases from 15 ps to 24 ps, despite a large decrease (from 58% to 13%) in the efficiency of energy transfer from BChlc-to-BChla (27 
MATERIALS AND METHODS
Growth conditions and chlorosome isolation. Chl. phaeobacteroides strain CL1401 was grown in standard Pfennig mineral medium (30) . Chlorosomes from Chl. phaeobacteroides 6 were isolated on a 20-50% (w/v) sucrose gradient prepared in 50 mM Tris-HCl pH 8.0 and 2 M NaSCN and further purified using a flotation sucrose gradient (31) .
Chlorosome treatments and artificial aggregates. Hexanol-perturbed chlorosomes were obtained as described by (26) . 
Time-resolved triplet-minus-singlet (TmS) spectroscopy.
Laser-induced changes in the absorbance of a sample were recorded using right-angle geometry and a gated multi-channel instrument, which has already been described in sufficient detail (16 and reference therein).
The gate width, t û , was 20 ns for the measurements whose results are reported here. Let 7 ) (λ A be the absorbance of the sample when all molecules are in their electronic ground states, and ) ; ( t A λ the time-dependent absorbance (at time t ) after the sample has been excited by the laser pulse at 0 = t . The laser induced change in the absorbance of the sample,
, was deduced from the measured values of ) (λ I , the detector signal generated by the light emerging from the unirradiated sample, and ) ; ( t I λ , the corresponding signal at time t . The excitation pulse, which had a duration of lines/mm gratings blazed at 500 nm). The emission channel has two independent detection systems, one of which is used for detecting emission in the near infrared region (800-1600 nm). Briefly, this system consists of a dual-purpose dispersing device (Triax 320 with two gratings, both blazed at 1000 nm, one with 150 lines/mm and the other with 300 lines), which directs the dispersed light to a narrow slit (monochromator mode) or a wide opening (spectrograph mode). In the former case, the near infrared photomultiplier (R5509-42), and in the latter case, a thermoelectrically cooled InGaAs-array (with 256 elements) is used as the detector. The results described in this paper were obtained by using the instrument in the spectrograph mode and selecting the 300 lines/mm grating.
RESULTS AND DISCUSSION
We will begin by comparing the absorption spectra of intact chlorosomes with those of hexanol-treated chlorosomes and TX-disrupted chlorosomes; the TmS spectra of the last two systems will be examined next, and used for analyzing, in the final part, data concerning the sensitization (and quenching) of O 2 ( 1 ∆ g ) by monomeric BChle † (and BChle 0 , respectively).
Absorption spectra of treated chlorosomes
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When isolated chlorosomes are treated with hexanol-saturated buffer (0.8% n-hexanol, v/v), the absorption spectrum is replaced by a spectrum that resembles that of the BChlx monomer (26) . An absorption spectrum close to that of the original, untreated chlorosomes is obtained if one dilutes, by a factor of two or more, the treated chlorosomes with the hexanol-free buffer.
We chose evaporation as a means of lowering the hexanol content of treated chlorosomes; this was achieved, as already stated in the Materials and Methods section, by directing a stream of gaseous N 2 at the surface of the sample. Figure 1 displays how the absorption spectrum changes, with progressive loss of n-hexanol, from a shape typical of hexanol-treated chlorosomes to one that no longer changes with time, and may therefore be identified with hexanol-free, or "re-cycled" chlorosomes. The inset provides a comparison of the absorption spectrum of untreated chlorosomes with that of the final spectrum in the set; the Q y peak of the re-cycled chlorosomes is blue-shifted by about 10 nm with respect to the corresponding peak of the untreated chlorosomes. It has been reported that reversal of hexanol treatment of
Chl. limicola chlorosomes leads to a red shift of 2 nm or a blue shift of 8 nm depending on whether the dilution is performed slowly or rapidly (26) . Also, it has been found that hexanoltreated chlorosomes of Cfl. aurantiacus do not return to the original shape or size after twofold dilution even though most of the spectroscopic properties (as judged from steady-state absorption and time-resolved fluorescence studies) are restored by the dilution (27) .
Before returning to the spectra of our untreated and re-cycled chlorosomes, we pause to recall that the Q y peak of carotenoid-depeleted chlorosomes (of Chl. phaeobacteroides) is also blue-shifted by 10 nm relative to that of native chlorosomes (33) . This blue shift, and some other differences (a two-fold increase in the CD signal of the carotenoid-depleted chlorosomes and an appreciable reduction in the magnitude of the fluorescence anisotropy),
were explained in terms of a difference in the organization of the chromophores in the two systems, particularly the angle between the direction of the Q y transition moment of BChle and the axis of the rod. The blue shift resulting from the addition-and-removal of n-hexanol is most probably due to a reorganization of the pigments; measurements of CD and fluorescence anisotropy are needed to see whether the pigment organization in re-cycled chlorosomes is similar to that in carotenoid-depleted chlorosomes.
A noteworthy feature, made manifest by the presence of several isosbestic points in Fig. 1 , is that the spectra are internally linear (34) ; that is to say, any spectrum of the set can be reconstructed by forming a linear combination of two other members of the set. It is also worth observing that the total area under each spectrum remains practically unchanged.
Though hexanol treatment leads to an absorption spectrum which appears, at least at first sight, to be "monomeric", the BChle pigments remain densely packed in chlorosomal vesicles. Indeed, the fluorescence of this apparently monomeric form is highly quenched compared to that from a truly monomeric solution in an organic solvent (27, 35) . The CD signal of chlorosomes and artificial aggregates becomes exceedingly weak after hexanol treatment, and contains no hint of excitonic interactions (35, 36) . Given the absence of such interactions and a high local concentration of pigments, one might expect to see signs of flattening (caused by shadowing) in the absorption spectrum of the hexanol-perturbed chlorosomes (37) . Differences in the absorption spectra of hexanol-treated chlorosomes and TX-disrupted chlorosomes are therefore worth investigating.
When TX is added to a suspension of untreated chlorosomes, the absorption spectrum gradually changes, resembling finally the absorption spectrum of a pigment extract of chlorosomes in an organic solvent. A set of spectra obtained in this manner is plotted in Fig. 2 ; the spectra in this set are, like those in Fig. 1 , internally linear and are all of roughly the same area. The final spectrum in Fig. 2 is close to the absorption spectrum of a pigment extract in ethanol (20) , and will henceforth be identified with a system where all pigmentpigment interactions have been made negligible. On comparing the final spectrum in Fig. 2 with the spectrum of hexanol-treated chlorosomes (the initial spectrum in Fig. 1 ), one sees that the peaks in the hexanol-treated chlorosomes are appreciably broader than those in the true monomeric spectrum (Fig. 2 inset) . We have applied Duysen's treatment and verified that shadowing cannot account for the observed differences (data not shown). We ascribe the broadening and bathochromic shift seen in the absorption spectrum of hexanol-treated chlorosome to dispersion interactions, which cause an overall solvent-induced shift to longer wavelengths; a similar explanation was offered for the spectral properties of the lightharvesting complex LHCII of the chlorophyll a/c containing yellow-green alga Pleurochloris meiringensis (38) .
TmS spectra
The difference between TX-disrupted chlorosomes and hexanol-treated chlorosomes becomes more noticeable when one compares the TmS spectra of the two systems, which are shown in Whereas the spectra in Fig. 3 contain no discernible contribution from Car † , the dominant feature of the corresponding spectra of hexanol-treated chlorosomes (Fig. 4) is the TmS spectrum of Car, which is known to have a positive peak around 520 nm (T n ← T 1 absorption) in almost all photosynthetic specimens (16, (38) (39) (40) . To unravel the three spectra in Fig. 4 , it is helpful to observe that the 520 nm peak in ∆ 1 (λ) (delay 20 ns) is lower than that in ∆ 2 (λ) (delay 200 ns), and to note that a plot (shown in Fig. 5 ) of the difference
with . a positive constant slightly smaller than unity, can be made to resemble the TmS spectra appearing in Fig. 3 
carries two implications: First, the lifetime of free BChle † is rather short, and secondly, only a small fraction of these triplets transfer their electronic excitation to a Car. The second conclusion is derived from the following considerations: Since the absorption coefficients of the BChle Soret peak (which dominantes the TmS signal) and the Car T n ← T 1 peak are nearly equal (ca. . Moreover, the TmS signal of Car, present in both cases, becomes about three-fold larger after hexanol treatment (Fig. 6 ). Taken together, the two differences imply that, other things being equal, more triplets are produced in hexanol-treated chlorosomes. In untreated chlorosomes, the efficiency of singlet energy transfer from BChle to BChla is rather high (27, 42) have a BChla neighbour; if one accepts this conclusion, the difference between the two spectra reflects a dissimilarity in the environments of the acceptors in the two systems. One 14 could argue that difference in the two TmS spectra is simply a consequence of the perturbation in the environment of a single Car pool by the addition of n-hexanol; it seems more likely that the Car pool is heterogeneous in both types of chlorosomes, and the organization of these pools is subject to the presence or absence of n-hexanol.
Singlet oxygen photogeneration and quenching by BChle monomers
BChle was dissolved in air-saturated acetone in a range of concentrations between 0.5-10 µM 
Singlet oxygen photogeneration by BChle aggregates
In our previous publication (16) 
